The cuticle coats the primary aerial surfaces of land plants. It consists of cutin and waxes, which provide protection against desiccation, pathogens and herbivores. Acyl cuticular waxes are synthesized via elongase complexes that extend fatty acyl precursors up to 38 carbons for downstream modification pathways. The leaves of 21 barley eceriferum (cer) mutants appear to have less or no epicuticular wax crystals, making these mutants excellent tools for identifying elongase and modification pathway biosynthetic genes. Positional cloning of the gene mutated in cer-zh identified an elongase component, b-ketoacyl-CoA synthase (CER-ZH/ HvKCS1) that is one of 34 homologous KCSs encoded by the barley genome. The biochemical function of CER-ZH was deduced from wax and cutin analyses and by heterologous expression in yeast. Combined, these experiments revealed that CER-ZH/HvKCS1 has a substrate specificity for C 16 -C 20 , especially unsaturated, acyl chains, thus playing a major role in total acyl chain elongation for wax biosynthesis. The contribution of CER-ZH to water barrier properties of the cuticle and its influence on the germination of barley powdery mildew fungus were also assessed.
Introduction
The lipidic cuticle coats the primary aerial surfaces of land plants, providing a robust water barrier that protects shoots from desiccation, and repels water and particulates from the epidermis. The cuticle also serves as the first line of defense against pathogens and herbivores, and reflects harmful UV radiation. It consists of two main components, cutin and cuticular wax. Cutin is a polymer of oxidized long-chain fatty acids and glycerol linked by ester bonds. The cutin matrix embeds and covers the outer epidermal cell walls, providing the structural backbone of the cuticle. Cutin is permeated and overlaid with cuticular waxes that are predominantly acyl aliphatics, including modified very-long-chain fatty acids (VLCFAs) and polyketide aliphatics. On some plant surfaces, cuticular waxes form intricate wax crystals; these epicuticular crystals impart a glaucous appearance to the pertinent organ and contribute to the reflective properties of the cuticle (Holmes and Keiller 2002) .
Because of the importance of the cuticle for plant health, cuticular waxes have been intensively studied. The cuticle additionally presents a convenient means of investigating associated processes of broad interest in plant biology such as secretion and VLCFA synthesis. Wax-deficient 'eceriferum' (cer) mutants with fewer or no epicuticular crystals can be easily selected and used to dissect the processes of cuticular wax metabolism, regulation or secretion, and to study stress phenomena. Barley (Hordeum vulgare) organs and Arabidopsis (Arabidopsis thaliana) stems are two systems that have been extensively exploited as both have conspicuous cuticular wax blooms, and genomic resources that make them suitable for the identification and characterization of core genes involved in cuticular wax biosynthesis. Three of the 79 identified Cer genes in barley (Lundqvist and Lundqvist 1998) , namely Cer-c, -q and -u, were recently cloned and shown to belong to a 101 kb gene cluster encoding three enzymes involved in the synthesis of wax polyketides (Hen-Avivi et al. 2016 , Schneider et al. 2016 . A screen for enhanced resistance to the barley hemi-biotrophic pathogen Magnaporthe oryzae (the causal agent of rice blast) (Jansen et al. 2007 ) identified another component of the barley wax biosynthetic machinery, enhanced magnaporthe resistance 1 (emr1), which carried a lesion in a gene encoding a b-ketoacylCoA synthase (KCS), HvKCS6 (Weidenbach et al. 2014) . The emr1/Hvkcs6 mutation resulted in a substantial reduction in the total cuticular wax load, and this mutant was specifically deficient in wax components !26 carbons long. Interestingly, mutations of this gene are not found in the barley cer mutant collection, revealing that the collection is incomplete.
Condensing enzymes such as HvKCS6 play a central role in the synthesis of VLCFA cuticular wax precursors. VLCFAs are elongated by a fatty acid elongase complex located in the endoplasmic reticulum. This process requires at least four catalytic activities. KCSs catalyze the committed step in elongation, condensing an acyl-CoA (n) with malonyl-CoA to produce a b-ketoacyl-CoA (n + 2). The ketone group of the b-ketoacylCoA is subsequently reduced, dehydrated and reduced again by other enzymes in the elongase complex to produce an acyl-CoA that is two carbons longer than the initial substrate. KCSs are the only component of the elongase known to be substrate specific (Millar and Kunst 1997) . Thus, plant genomes tend to encode numerous KCSs with distinct substrate specificities and expression profiles, which fuel the synthesis of VLCFAs of different lengths for diverse downstream products including cuticular waxes, sphingolipids, seed oils and suberin.
In Arabidopsis, 21 putative KCS genes have been identified and, to date, seven of these have been demonstrated to contribute to acyl cuticular lipid biosynthesis: KCS1, KCS2/DAISY, KCS6/CER6, KCS9, KCS10/FDH, KCS16 and KCS20 (reviewed in Kunst 2013, Hegebarth et al. 2017 ). An additional five, KCS3, KCS5/CER60, KCS8, KCS12 and KCS19, have high expression in young stem epidermal cells (Suh et al. 2005 ) that actively produce cuticular waxes, but these do not as yet have confirmed physiological functions. Thus, at least seven KCSs in Arabidopsis, and possibly as many as 12, fine-tune wax production during plant development or in response to environmental cues. Arabidopsis is unlikely to be unique in employing a host of KCS enzymes to produce its cuticular wax, as the KCS gene family is large across the diverse plant taxa surveyed to date (Guo et al. 2016) . That the barley emr1/kcs6 mutant was deficient in, but not completely devoid of, acyl aliphatics longer than 24 carbons certainly indicates that more KCS enzymes than just HvKCS6 contribute to wax precursor elongation in this species, which is in agreement with early biochemical work (Mikkelsen 1978) .
Positional cloning of a gene carrying the lesion responsible for the wax-deficient phenotype of barley cer-zh mutants confirmed that this is indeed the case as Cer-zh was shown to encode a new b-ketoacyl-CoA synthase, designated HvKCS1. The biochemical function of HvKCS1 was deduced from wax and cutin analysis of the cer-zh.54 mutant and its heterologous expression in yeast cells. The contribution of HvKCS1 to water barrier properties of the cuticle, and its role in spore germination of barley powdery mildew fungus were also assessed. The results shed light on the division of labor among KCSs, and the effects of this division on the chain length profile of cuticular wax components as well as the partitioning of VLCFA precursors for different downstream uses. Further, the implications add to a growing body of literature elucidating substrate specificity and enzyme promiscuity among the KCS protein family.
Results

Cer-zh mutation affects plant water loss and development of barley powdery mildew infection structures
While all the cer-zh mutants (see Supplementary Table S1) were selected because of their glossy leaf blades (https://www.nordgen.org/bgs/index.php?pg=bgs_show&docid=298), they are also semi-dwarf, as illustrated in Fig. 1A , B. In addition, heading is late and they are highly sterile, especially in the field (Franckowiak and Lundqvist 2012) . The glossy phenotype infers a defective cuticle, conceivably altering the ability of the leaf surface to retain water. Thus, the wettability of the leaves and their rate of water loss were investigated. Fig. 1C shows that the mutant has a small but significant increase in the rate of water loss (44%; P < 0.05) compared with the wildtype Bonus. Fig. 1D shows that the mutant is still covered with water drops a few minutes after spraying, while water drops sprayed on wild-type leaves run off immediately. This is a clear indication of the glossy, wax-deficient phenotype of cer-zh.
Analyses of other mutants with defective cuticles have shown that the ability of the barley powdery mildew, Blumeria graminis f. sp. Hordei (Bgh), to infect leaves may be affected by alterations in cuticle composition (Weidenbach et al. 2014) . The development of Bgh spores 16 h post-inoculation was examined on primary leaves of cer-zh.54 and Bonus plants using light microscopy. The five different infection categories described by Rubiales et al. (2001) were distinguished based on the successive formation of different fungal structures (Fig. 1E) . Conidia that did not germinate were grouped in the first category. The second category encompassed conidia that germinated with primary and secondary germ tubes, but did not develop further. Conidia that had germinated but showed more than the usual two germ tubes were categorized in group three. Sites where the infection advanced to mature appressoria were grouped into the fourth category, and those showing an uncommon second branch among their appressoria were classified into the final category. This last group of infection sites is interpreted as an unsuccessful first attempt of the fungus to establish a haustorium, which was followed by a second, successful, penetration event of the same appressorium. When comparing the frequency of infection sites grouped into each category between cer-zh.54 and Bonus plants, significant differences were found for all except the last category (Fig. 1F) ; the germination of conidiospores was quantitatively affected on mutant leaves, with !20% of spores failing to germinate. This reduced germination resulted in a similarly reduced frequency of infection sites with mature appressoria on mutant plants in comparison with wild-type plants. Infection sites at which the fungus germinated with one or multiple germ tubes, but did not form appressoria up to the time point of investigation, were also found at a significantly higher rate on mutant plants. At these sites, the infection process seems to be slowed down rather than stopped. At incidences of successful spore germination, infection of the fungus appears to proceed normally and results in normal sized powdery mildew pustules. Altogether, these results indicate a strong effect of the cer-zh.54 mutation on development of Bgh infection structures on the leaf blade surface.
Cer-zh mutation alters wax crystal structure, wax load and wax composition Wax crystal structure was examined by scanning electron microscopy (SEM). Bonus wild type and other grasses with dominating amounts of C 26-32 primary alcohols in their epicuticular wax coats have a characteristic dense, even covering of small crystals on both abaxial and adaxial leaf surfaces (Baum et al. 1980 , Tulloch 1981 , Dietrich et al. 2005 . The mutant cer-zh.54, Water drops sprayed on primary leaves of cer-zh.54 and Bonus remain on the former, but not on the latter. Scale bars = 1 cm. (E) Development of early infection structures of Blumeria graminis f. sp. hordei (Bgh; powdery mildew), is impaired on cer-zh.54 leaves. Individual interaction sites were grouped into five categories reflecting the progression of fungal development at 16 h post-inoculation using light microscopy. From left to right: not germinated conidiospore; conidiospore with primary and secondary germ tube; conidiospore with multiple germ tubes; conidiospore with appressorium and conidiospore with branched appressorium (first and second lobe). Scale bar = 50 mm. app, appressorium; co, conidiospore; mgt, multiple germ tubes; pgt, primary germ tube; sgt, secondary germ tube. (F) Means ± SD (bars) for at least 100 interaction sites (see E) were analyzed per leaf and genotype in three biological replicates with six leaves per experiment. Significance for categories 'not germinated' and 'germinated' spores were calculated using MannWhitney rank sum test because the normality test failed.
in contrast, bears unevenly distributed wax crystals, leaving large areas devoid of these structures (Fig. 2) . The selected images show representative stomata that also provide a relative guide to wax crystal size; notably, the patchy distribution of wax crystals is consistent across epidermal cell types. The marked decrease in wax crystal coverage correlates well with the presently observed diminution in wax load, and the noted decrease in contact angle reported earlier . Preliminary examinations of the wax structures on several other barley mutants have been made, namely cer-j.59, -p.37, -yp.949, -za.126, -zd.67, -ze.81 and -zj.78 (Lundqvist et al. 1968 , von Wettstein-Knowles 1971 , von Wettstein-Knowles 1987 , von Wettstein-Knowles 1995 , Rostás et al. 2008 . None of them has the same phenotype as cer-zh.54. Interestingly, the large decreases in primary alcohols that characterize the cerzh.54 (described below) and cer-j.59 (Giese 1975 ) mutants give rise to distinctly different epicuticular wax coats. Wax load determinations revealed that cer-zh.54 accumulated only 24% of the load found on Bonus (2.28 mg cm -2 vs. 9.14 mg cm -2 ; Fig. 3B ). This 76% decrease is considerably greater than the approximately 52% reduction reported for this mutant in an earlier study . Differences in growth conditions and sampling procedures may have caused these discrepancies between observations. The decreased wax load observed here for cer-zh.54 is more severe than on any of the other barley cer leaf mutants studied, with the exception of cerj.59, which exhibits a comparable 74% reduction in its wax load (Giese 1976) .
Thin-layer chromatography (TLC) and gas chromatography-mass spectrometry (GC-MS) analyses disclosed the expected presence of hydrocarbons, esters, aldehydes, primary alcohols and fatty acids, plus alkylresorcinols and unknowns in both Bonus and cer-zh.54 waxes ( Fig. 3A ; Supplementary  Fig. S1 ). When the relative proportions of the wax classes revealed by TLC were compared between cer-zh.54 and Bonus, the amount of the esters appears increased and the amount of primary alcohols appears decreased in the mutant. This was also inferred from the overall compositional analyses of Zabka et al. (2008) . The quantitative differences derived from GC-flame ionization detector (FID) data in the present study are shown in Fig. 3A . The C 26 primary alcohols are reduced from 752 to 150 mg dm -2 and the C 42 chain lengths dominate the esters, increasing from 6 to 29 mg dm -2 while the longer esters decrease. Both changes are highly significant. The C 38 -C 52 esters in Bonus total 65 mg dm -2 and in cer-zh.54 56 mg dm -2
. In terms of moles, the esters in the mutant amount to 87% of those in Bonus. This reveals that the mutation does not seem to affect substantially the amounts of precursors channeled to the esters, but only the type of esters synthesized. This conclusion is in accord with the GC-MS results of the esters, revealing, for example, that the C 42 ester in both genotypes was dominated by the C 16 fatty acid + C 26 primary alcohol isomer (Fig. 4) . Minor amounts of two other isomers (C 18 fatty acid plus C 24 primary alcohol and C 20 fatty acid plus C 22 primary alcohol) are present in Bonus, while the former is also present in cer-zh.54. This is in agreement with the finding that in the Bonus wild type the shorter ester alcohol moieties C 20, C 22 and C 24 amount to at least 15% of the total (von Wettstein-Knowles 1974) . A detailed study was not carried out to investigate what other minor isomers might also be present. In addition to the six primary alcohol and eight ester homologs, 19 other aliphatics were identified in the waxes. Unidentified components in the GC-FID traces amounted to 6.1% and 9.1% by weight of the Bonus and cer-zh.54 waxes, respectively.
Cer-zh mutation causes changes in cutin composition and load An analysis of the amount and composition of hydrolyzable, oxygenated cutin monomers from the cer-zh.54 mutant and wild-type Bonus was carried out. Bonus cutin contained both typical C 16 -cutin monomers, including o-hydroxy hexadecanoic acid (o-OH C 16:0 ) and 10,16-dihydroxy hexadecanoic acid (10,16-diOH C 16:0 ), as well as C 18 -cutin monomers, with o-hydroxy octadecanoic acid (o-OH C 18:1 ) and 9,10-epoxy, 18-hydroxy octadecanoic acid (9,10-epoxy, 18-OH C 18:0 ) accumulating in considerable amounts (C 16 -cutin monomers 16 mg dm -2 and C 18 -cutin monomers 21 mg dm -2 ; Fig. 5 ). The cerzh.54 mutant cutin contained the same moieties; however, the higher amount of o-OH C 16:0 and 10,16-diOH C 16:0 (50% and . The amounts of C 18 monomers were virtually identical (21 mg dm -2 ) in the two genotypes. The cutin of cer-zh thus has a small but significant (P < 0.01) increase in C 16 monomers, while the small increase in the total cutin load was not significant (38 mg dm -2 in Bonus vs. 42 mg dm -2 in cer-zh.54). Although the composition of cer-zh cutin was distinct from that of the wild type, it is not clear whether this is a direct or indirect effect of the loss of HvKCS1.
The observed subtle change in cutin composition and load imply that the increased permeability of cer-zh leaves is not caused by a reduction in cutin, but by a reduction in wax. In contrast to cer-zh.54 having the same amount of cutin monomers as the Bonus wild type, several other barley mutants with permeable cuticles exhibit drastic reductions in oxygenated monomers compared with their respective wild types; for example, a 50% reduction was detected in eibi1 (Chen et al. 2011) and 80% in cer-ym (Chao et al. 2015) . Fig As determined for other barley cultivars, Bonus cutin is composed of both C 16 and C 18 monomers, with a higher proportion of C 16 (45%) than previously reported (15-30%) (Richardson et al. 2007b , Chen et al. 2011 , Chao et al. 2015 . The reported differences may be due to various reasons, including genotype, leaf number, growth conditions, method used for cutin transesterification or combinations of these factors. Direct comparisons between the wild type and mutant in the respective studies are thus the most reliable.
A B
Genetic mapping and candidate gene analysis identify the Cer-zh gene
To understand the role of Cer-zh in cuticle formation, it was necessary to identify and characterize the Cer-zh gene. The glf1.a mutant allele of cer-zh in the Himalaya cultivar was exploited for this purpose. Crossing the mutant to two wild accessions showed the expected segregation ratio of 3:1, water drop repellency (wild type) to water drop retention (mutant), in F 2 populations derived from crosses 23-19Âglf1.a and OUH602Âglf1.a (Fig. 6A) , confirming that the trait was caused by a single recessive, nuclear mutation. The locus glf1.a (GSHO 2015) was previously mapped on the long arm of chromosome 4H and associated with single nucleotide polymorphism (SNP) markers 2_0820 to 1_0606 (Druka et al. 2011) . To define the locus further, 11 new markers were used, together with AK251484 and AK364371, which are known to be located in the targeted region (Mayer et al. 2011 , Li et al. 2013 ). The primer sequences for the markers are listed in Supplementary  Table S2 . With 90 F 2 progeny from the cross OUH602Âglf1.a, the mutant locus was mapped to a 2.8 cM interval between AK360376/AK367139 and DQ646644, and co-segregated with HORVU4Hr1G062880, AK362558, AK361226 and AK250670 (Fig. 6B ). With 96 F 2 progeny from the cross 23-19Âglf1.a, the mutant locus was mapped to a 1.5 cM interval between HORVU4Hr1G062880 and AK250670, and co-segregated with AK362558, AK361226 and AK252597 (Fig. 6C ). AK362558 and AK361226 thus co-segregated with glf1.a in two independent maps (Fig. 6B, C) , identifying a consistent genetic location of glf1.a. HORVU4Hr1G062880 and AK250670 both recombined with the mutant locus, indicating a higher recombinant rate in the latter cross. In addition, out of 13 expressed sequence tags (ESTs) used for developing markers, higher polymorphism was found between 23-19 and glf1.a than between OUH602 and glf1.a.
The locus was further delimited to a 0.43 cM interval based on 1,880 gametes produced by 940 F 2 progeny derived from the cross 23-19Âglf1.a (Fig. 6D) . A total of 19 recombination events occurred between the flanking markers AK367139 and AK250670, seven recombination breakpoints located on the AK252597 side of glf1.a and only one located between AK362558 and the mutant locus (Supplementary Table S2 ).
The 1.01 cM interval between AK367139 and AK250670 showed a high collinearity of gene order with the syntenic regions on sweet sorghum (Sorghum bicolor) chromosome 1 and rice (Oryza sativa) chromosome 3 (Fig. 6D) . The gene order of the syntenic region of the glf1.a co-segregating area (AK361226 region) is disturbed in Brachypodium distachyon with respect to the orientation in the other three species (Supplementary Table S3 ). The barley 0.43 cM candidate interval bounded by AK362558 and AK252597 is syntenic to a 209 kb genomic region (Sb01g041120-Sb01g041330) in sweet sorghum and one of 194 kb (LOC_Os03g13970-LOC_Os03g14280) in rice. Though the physical distance is similar in the two species, the increase of gene number suggests less conservation in the rice region. Gene prediction in the 209 kb region of sweet sorghum identified 20 candidates for glf1.a; these comprised 17 putative functional genes, and three hypothetical proteins with unknown function (Supplementary Table S3 ). Examination of the annotation column in Supplementary Table S3 identifies one potential candidate for a structural gene in wax biosynthesis, namely Sb01g041190/LOC_Os03g14170/Bradi1g68430, which encodes a thiolase-like subgroup domain-containing protein. Hereafter, this gene is referred to as Cer-zh. The homologous barley fulllength cDNA is AK361076.1, and the genomic DNA sequence is morex_contig_158807 in IPK (webblast.ipk-gatersleben.de/ barley). A comparison of the genomic and cDNA sequences revealed that the Cer-zh gene lacks introns. Translation of Cer-zh followed by a protein BLAST highlighted a number of closely related proteins annotated as 3-ketoacyl-CoA synthases, including A. thaliana At1g01120.1 (KCS1, 60% identity) (Todd et al. 1999) , tomato (Solanum lycopersicum) Solyc10g009240 (62% identity), maize (Zea mays) GRMZM2G149636_P01 (86% identity) and rice (O. sativa) LOC_Os03g14170.1 (88% identity). The amino acid sequences are aligned in Supplementary Fig. S2 . All the noted genes lack introns, except Solyc10g009240, which has one. The predicted wild-type gene product is a 545 residue protein, identical to HORVU4Hr1G063420.2 in amino acid sequence, with an M r of approximately 60.3 kDa and a predicted pI of 9.18. Two conserved protein domains were found using Pfam analysis; the interval 115-405 is similar to FAE1/Type III polyketide synthaselike proteins (FAE1-like domain) and the interval 419-504 is similar to the C-terminal domain of b-ketoacyl synthases (ACP syn III C). This concurs with the 60% identity to AtKCS1 noted above, and implies that Cer-zh encodes a b-ketoacylCoA-synthase.
Three cer-zh mutant alleles with single base changes in the coding sequence (CDS) result in the following protein modifications: tyrosine (Y) to a stop codon at amino acid 116 in cerzh.54, lysine (K) to a stop codon at amino acid 251 in cer-zh.266 and asparagine (N) to tyrosine (Y) at amino acid 461 in cer-zh.865 ( Fig. 6E; Supplementary Fig. S2 ; Supplementary Table S1). Table S1 and Supplementary Fig. S2 for details of the mutant alleles.
N461 aligns with the active site asparagine in Arabidopsis KCS genes (Ghanevati and Jaworski 2002, Joubès et al. 2008) . A 4,263 bp region (length calculated from morex_contig_158807) could not be amplified in glf1.a and cer-zh.433 with the two primer pairs listed in Supplementary Table S4 and Supplementary Fig. S3A, B ). This indicates that there are large deletions that span and exceed the coding sequence for both of these two mutants. The CDS regions of cer-zh.308, -zh.357, -zh.366, -zh.373 and -zh.432 were amplifiable ( Supplementary  Fig. S3C ), and contained no mutations even though they retained water drops on the leaf surfaces. Additional sequencing upstream and downstream, which is beyond the scope of this investigation, is required to determine the basis of their mutant phenotypes and whether they indeed have mutations in Cer-zh.
Although not all mutants in the Nordic Gene Bank (NordGen) are correct (Dockter et al. 2014 , Schneider et al. 2016 , it is unlikely that all of these alleles are misannotated. Cer-zh.325 was not analyzed as the seeds obtained from NordGen did not germinate.
Cer-zh transcription differs in distinct parts of the leaf and is influenced by drought stress
Quantitative real-time PCR (qPCR) was used to compare Cer-zh expression in developing leaf three of Bonus seedlings at the three-leaf stage under control growth conditions and drought stress. The latter was applied by withholding water for 7 d. Transcription was measured in the three parts of the leaf defined by Richardson et al. (2007b) and detailed in the Materials and Methods: the elongation zone (EZ) at the base of the leaf; the non-elongation zone (NEZ) beyond the leaf base; and the leaf blade completely emerged from leaf two (EmBL).
The results showed that Cer-zh was expressed 16-and 2-fold higher in the NEZ and EZ, respectively, than in the EmBL (Fig. 7A) . Cer-zh expression induced by drought stress increased roughly 3-fold in the NEZ (P < 0.05) and 4-fold in the EmBL (P < 0.005), but no change was detected in the EZ when compared with watered controls (Fig. 7A) . These results indicate that Cer-zh is expressed most strongly in the NEZ, the primary site of wax synthesis, and that drought induces Cer-zh expression.
The CER-ZH sequence is conserved among land plants
Homologs of CER-ZH were used to conduct a phylogenetic analysis in barley, rice, tomato, A. thaliana, the lycophyte Selaginella moellendorffii, the moss Physcomitrella patens and the green alga Volvox carteri; the results are shown in Supplementary Fig. S4 . CER-ZH shared 62, 60 and 53% amino acid sequence identity with its closest homologs found in S. moellendorffii, P. patens and V. carteri, respectively. Phylogenetic analysis revealed that there was only one sequence with high homology to CER-ZH in Volvox, and that the gene family has greatly expanded in the earliest, but also in later diverged land plants. 
CER-ZH elongates VLCFAs in yeast
The wax composition of the cer-zh.54 mutant and homology of CER-ZH to KCSs suggest that this protein could have a role in fatty acid elongation. To test this hypothesis, and to explore CER-ZH substrate specificity, the Cer-zh cDNA was constitutively expressed in Saccharomyces cerevisiae. AtCER6, known to produce C 26:0 and C 28:0 VLCFAs in yeast (Haslam et al. 2012 , Tresch et al. 2012 , was used as a positive control. Fatty acids were extracted from untransformed yeast cells (W3031a) and those transformed with p426-HvCer-zh or p426-AtCER6. The methyl ester derivatives of the fatty acids were analyzed by GC-FID. 
Discussion
Phenotype of the cer-zh mutants
Cloning of Cer-zh revealed that it encodes a b-ketoacyl-CoA synthase, KCS. Mutations in this gene result in a glossy leaf phenotype in barley. Analyses of seedling leaf waxes in the cer-zh.54 mutant demonstrated that this glossy phenotype is caused by a 76% decrease in total wax load due to marked decreases of all wax classes except the esters, inferring a reduced availability of precursors for all of these aliphatics. In addition to glossy leaves, all 11 cer-zh mutant alleles exhibited a set of pleiotropic effects including semi-dwarfism, semi-sterility and late heading, none of which can be attributed to the changes in wax load. Moreover, transferring glf.1a into the cultivar Bowman resulted in 25% and 20% decreases in 1,000 grain and kernel weights, respectively (Franckowiak and Lundqvist 2012) . These additional phenotypic changes unrelated to wax deficiency suggest that acyl chains elongated by CER-ZH also play a significant role in other metabolic pathways downstream of fatty acid elongation. Similar conclusions were drawn from analyses of some kcs mutants of Arabidopsis, although different sets of characteristics were affected. This difference probably arises from the redundancy of KCSs, which is unlikely to be precisely the same in all plant species. Conceivably, the reduction in long acyl chains affects sphingolipid production, resulting in the noted growth phenotypes. Cer-zh is the second of 57 annotated KCS genes in the Barley Genome Dataset (http://apex.ipk-gatersleben.de/apex/f ?p=284: 10:12015719528941) to be cloned and characterized, and has been designated HvKCS1 (Fig. 8) . The first barley KCS identified in the emr1 mutant was named HvKCS6 because of its sequence homology and analogous function to AtKCS6. The emr1/HvKCS6 mutation (Leu136Phe) in emr1 also results in a cuticular waxrelated phenotype (Weidenbach et al. 2014) . In both of the barley kcs mutants, the dominating C 26 primary alcohols are greatly reduced relative to the wild type. There is, however, an important difference in how this reduction in C 26 primary alcohols affects the wax ester composition of the two mutants. In cer-zh.54 wax, the proportion of C 42 esters was significantly increased, although the total amount of esters and their isomer composition were similar to that in Bonus wild type, implying that ester synthesis was essentially not influenced by the dramatic decrease in C 26 primary alcohols. The emr1 mutant, by comparison, had novel isomers of the esters. Esters with C 26 primary alcohols were reduced but, analogously to cer-zh.54, the total amount of the esters was very similar to that in the Ingrid (mlo5) wild type [Bonus, cer-zh.54, Ingrid (mlo5) and emr1: 65, 56, 58 and 66 mg dm -2
, respectively]. A potential explanation for the difference in wax ester composition of the two mutants is the position in the elongation pathway where the two KCS enzymes function. Whereas HvKCS6 is deduced to function in elongation of C 24 acyl chains, our results suggest that CER-ZH probably catalyzes elongation of C 16 acyl substrates. Further support for the specificity of CER-ZH for C 16 acyl groups is the 25% increase in C 16 cutin monomers in cer-zh.54 mutants, although the total cutin load was not significantly different from that of the wild type. Given that knockout mutations in neither of these two KCS genes completely block the elongation process, other KCS isozymes must catalyze the same elongation steps. When CER-ZH is non-functional, acyl chains extended by as yet uncharacterized KCSs and HvKCS6 enter the downstream wax biosynthetic pathways as in the wild type, and C 26 is still the dominating primary alcohol A C B Fig. 7 Characterization of Cer-zh. (A) Cer-zh expression in developing leaf three of Bonus as affected by drought. The abundance of the Cer-zh transcript relative to that of Actin was determined using qPCR (means ± SD, n = 3) in the leaf elongation zone (EZ), non-elongation zone (NEZ) and emerged blade (EmBL) of the third leaf of seedlings at the three-leaf stage. (B and C) The substrate specificity of HvCER-ZH and AtCER6 as revealed by expression in W3031a Saccharomyces cerevisiae cells. The fatty acid methyl esters (FAMEs) of the even chain length saturated and monounsaturated fatty acids extracted from the cells were resolved by GC-FID. Means ± SD, n = 4. x:y; x is number of carbons and y the number of double bonds. Asterisks show the level of significance between W3031a cells with and without the HvCER-ZH expression plasmid. available for ester formation. The acid moieties of the esters, however, originate from the acyl products of elongation and, when the initial steps in extension are blocked, the available fatty acid chains are shorter. The cer-zh.54 mutant thus accumulates C 16 , the starting substrate for elongation. This leads to the observed hyperaccumulation of the C 42 ester (C 26 primary alcohol + C 16 fatty acid) in the cer-zh.54 mutant. When HvKCS6 is defective, however, its C 24 acyl substrate accumulates. Channeling of precursors into the downstream pathways is influenced as other KCSs take over. If the latter have different substrate specificities from HvKCS6, then a modified ester composition results (Weidenbach et al. 2014) .
In contrast to mutations in CER-ZH/HvKCS1 that result in a profound decrease in the wax load on barley leaves, its closest homolog in Arabidopsis (AtKCS1) has little effect on wax synthesis (Todd et al. 1999 ) despite both preferring shorter chain acyl substrates.
Activity of CER-ZH in yeast
Activity assays of CER-ZH in yeast cells confirmed that it can elongate both C 16 saturated and monounsaturated acyl chains, and that it can generate fatty acids up to 22 carbons in length. That CER-ZH has the capacity to elongate both saturated precursors of cutin and cuticular wax, and unsaturated precursors of cutin, is not surprising. Yeast elongation assays to determine substrate specificity of KCSs from Arabidopsis also revealed that many are able to use saturated or unsaturated precursors (summarized in Haslam and Kunst 2013) . FAE1/AtKCS18, which is Fig. 8 Phylogenetic tree of 34 barley KCS genes, and their suggested names. The two cloned barley genes are in blue. The phylogenetic analysis was conducted using PhyML with the LG model, optimized for the number of invariable sites and across site rate variation using the SPR tree searching operation. Branch support values were evaluated by aLRT (SH-like).
expressed only in seeds, elongates both saturated and unsaturated acyl-CoAs required for the synthesis of triacylglycerols. This suggests that some KCSs may be promiscuous with respect to the degree of saturation of their acyl-CoA substrates. The shape of the acyl-binding pocket of the closely related polyketide synthases determines substrate specificity (Austin and Noel 2003, Abe and Morita 2010) . Thus, either the acyl-binding pocket of many KCSs can accommodate both saturated and monounsaturated acyl chains, or binding results in the modification of the pocket to accommodate the substrate. In contrast, barley spike waxes contain a series of unsaturated alkenes derived from C 18:1 (9-ene) whose elongation is independent of the KCSs involved in the formation of saturated alkane precursors (von Wettstein-Knowles 2007), suggesting that KCSs can also be selective for unsaturated vs. saturated substrates in wax biosynthesis. This has recently been substantiated by the identification of the KCS1 gene in poplar involved exclusively in synthesis of alkenes (Gonzales-Vigil et al. 2017 ). Identification and crystallization of pertinent KCSs functioning in barley spikes may throw some light onto the question of what in the structure of the KCSs determines their substrate specificity.
The substrate specificity of HvKCS1 demonstrates that the severe wax-deficient phenotype of the cer-zh mutant results from a defect in the elongation of relatively short acyl precursors. In Arabidopsis, the only KCS gene whose mutation results in a severe wax deficiency is CER6 which extends C 22-26 acyl chains. Those AtKCS genes shown to use shorter chains result in subtle phenotypes, suggesting genetic redundancy in Arabidopsis (Todd et al. 1999 , Franke et al. 2009 , Lee et al. 2009 , Kim et al. 2013 ).
The barley KCS gene family
As noted above, 57 KCS genes have been annotated in barley. When sequences missing one or both domains, sequences missing an active site residue and sequences containing too many gaps are excluded, the total number of barley KCS genes is reduced to 34, of which one (HORVU0HrG038420.1) is unanchored (Fig. 8) . Gene names have been randomly assigned to the 34 sequences in Fig. 8 and to the other (excluded) 23 in Supplementary Table S5 . The number 34 corresponds very well to the evolution of the KCS gene family based on a recent study of 26 plant species (Guo et al. 2016) , which approximated that angiosperms average 20-30 KCS family members. That study also concluded that one ancestral KCS gene duplicated and evolved to five monophyletic groups that further duplicated and diverged. Annotation divides the 34 barley genes into seven groups, each with homology to an Arabidopsis KCS gene. On the basis of homology, the 21 Arabidopsis genes have been placed into eight subclasses (Joubès et al. 2008 ). The AtKCSs with homology to HvKCSs belong to five of these: AtKCS4 and 17 to a, AtKCS5 and 6 to g, AtKCS11 to x, AtKCS1 to d and AtKCS12 to y ( Fig. 8; Supplementary Table S6 ). Thus, three of the subclasses comprising 14 Arabidopsis KCS genes are not found among the 34 barley KCS genes. These observations clearly reveal that gene duplication and divergence have progressed very differently in Arabidopsis and barley.
Catalytic residues of barley KCSs
Two of the Cer-zh mutations were deletions (glf1.a and cerzh.433) and another two resulted in premature stop codons (cer-zh.54 and 0 .266), and so it is not surprising that these alleles had obvious cuticular wax deficiencies. A fifth mutant that was clearly deficient in cuticular wax synthesis, cer-zh.865, arose from a point mutation changing the predicted active site Asn461 to Tyr461. The proposed role of asparagine in the active site triad (Cys-His-Asn) of b-ketoacyl-CoA synthases, which have yet to be crystallized, is deduced from the role of asparagine in the soluble chalcone synthase (Jez et al. 2000) and the soluble fatty acid synthase condensing enzyme, b-ketoacyl-acyl carrier protein synthase III (Davies et al. 2000) . In these enzymes, the asparagine residue is required for hydrogen bonding between the thioester carbonyl of the substrate and the side chain amide, thus enabling binding of the substrate to the active site cysteine, as well as participating in the decarboxylation of the malonyl-CoA substrate. In vitro assays with expressed, purified and resolubilized AtFAE1/KCS18 revealed that a mutation converting asparagine to a basic histidine residue resulted in loss of all activity, while mutation to an acidic aspartate residue reduced condensation and decarboxylation activities to 80% and 70%, respectively (Ghanevati and Jaworski 2002) . These results paralleled those with chalcone synthase (Jez et al. 2000) . Very recently, it has been reported that mutation of the active site asparagine to serine in the wsl4-2 mutant of a KCS condensing enzyme from rice resulted in glossy leaves analogous to those caused by the barley cer-zh mutations (Wang et al. 2017) . Serine and tyrosine are unlikely to provide the optimal conformation of the active site even though they have an uncharged polar side chain, as they lack the amide group present in asparagine. The results of Wang et al. (2017) and of this study are in accord with the designation of the KCS catalytic triad, Cys-His-Asn. The 34 barley KCS genes included in Fig. 8 all have the catalytic triad which in HvKCS1 is Cys274, His442 and Asn475.
Biological functions of CER-ZH
Wax deposition in barley leaves was shown to be independent of developmental stage on etiolated primary leaves (Giese, 1975) . More recently the developing third leaf of barley was studied (Richardson et al. 2005) , and wax synthesis was found to commence in the distal portion of the EZ adjacent to the basal end of the NEZ, or 25-40 mm from the base of the leaf still enclosed by the second leaf sheath. Wax synthesis continues at more or less constant rates as the leaf blade emerges (EmBL). In comparison, cutin synthesis starts close to the base of the EZ and reaches its maximum before wax formation starts (Richardson et al. 2007b ). In the present study, expression of Cer-zh encoding HvKCS1 in developing barley leaves was examined in mid-portions of the EZ, NEZ and EmBL sections using qPCR. Expression in the EZ was double the expression in the EmBL, and expression in the NEZ was 16 times greater than in the EmBL. These results are in accord with the supplementary microarray data found in Richardson et al. (2007a) for a probe derived from Contig6411_at that is part of HvKCS1 (HORVU4Hr1G063420). The Cer-zh expression pattern observed in this study thus corroborates previous work and correlates with the commencement of wax deposition.
The cer-zh.54 mutation in barley KCS1 drastically reduces the amount of wax, but not the total load of cutin in leaf blades, and results in a slightly increased rate of water loss. Both cutin and wax, however, contribute to the water barrier properties of a plant cuticle. Mutants defective only in cutin, such as att1, hothead and eibi1 (Xiao et al. 2004 , Kurdyukov et al. 2006 , Chen et al. 2011 , exhibit increased water loss from their leaves, as do mutants defective in wax but not cutin, such as Arabidopsis cer1 (Bourdenx et al. 2011) , and the tomato mutant cer6 (Leide et al. 2007 ). In contrast, mutations in Wax-Crystal-Sparse Leaf3 (WSL3) that encodes a rice b-ketoacyl-CoA reductase (KCR) result in a 95% reduction in leaf total wax load, but do not cause significant water loss, chlorophyll leaching or drought sensitivity (Gan et al. 2016 ). To summarize: minor to extensive reductions of cuticular wax are sometimes accompanied by increased cuticular transpiration leading to drought susceptibility, and other times are not. A number of experiments have been carried out to ascertain to what extent the intracuticular and epicuticular waxes contribute to preventing water loss. For example, in Arabidopsis, epicuticular wax was found to contribute twice as much to the water loss barrier as the intracuticular wax (Buschhaus and Jetter 2012) . On the other hand, selective removal of the epicuticular wax from cherry laurel leaves did not affect cuticular permeability (Zeisler and Schreiber 2016) . Whether mutation of Cer-zh/HvKCS1 results in an altered intracuticular wax load and composition, which is thereby the major factor contributing to the increased rate of water loss in cer-zh mutants, is a subject for future research.
It is well established that fungal plant pathogens interact with the host cuticle during the penetration process and that both cutin and wax influence infection (Gilbert et al. 1996 , Uppalapati et al. 2012 , Delventhal et al. 2014 ). The present study has revealed the influence of the cer-zh.54 mutation on the development of infection structures of the barley powdery mildew fungus, Bgh, i.e., a reduced germination of Bgh conidia on mutant plants, and as a result less frequently formed appressoria. This phenotype can be attributed to a wax depleted in C 26 aldehydes which is also characteristic for the emr1 mutant of HvKCS6; that aldehydes are essential for normal Bgh conidia germination has been repeatedly shown , Hansjakob et al. 2010 , Hansjakob et al. 2011 . It can also be speculated that the inhibitory effect of the cer-zh.54 mutation on conidia germination is not Bgh specific, because results from a recent study on mutations in the HvKCS6 gene of barley and its ortholog AtCER6/AtCUT1/ AtKCS6 in Arabidopsis demonstrated that germination of powdery mildews is generally affected by VLCFA levels (Weidenbach et al. 2014 ).
Conclusions
Using wax-deficient cer-zh mutants, a second barley b-ketoacylCoA synthase, CER-ZH/HvKCS1, has been identified and characterized. Mutations in this condensing enzyme affect cuticle structure, water barrier properties of the cuticle and infection by the powdery mildew fungus. While these phenotypes can be explained by wax deficiency of the mutant, some of the other mutant phenotypes observed are related to other biochemical pathways that use similar chain lengths of VLCFA substrates, such as sphingolipid biosynthesis. How VLCFA chains produced by the same KCS are partitioned between competing pathways within the same cell is an interesting question that may be clarified by further, in-depth investigation of the KCS gene family in different species.
Heterologous expression in yeast demonstrated that CER-ZH/HvKCS1 is promiscuous with respect to the degree of saturation of its substrate, but is specific for acyl chain lengths between 16 and 20 carbons, inclusive. How b-ketoacyl-CoA synthase substrate specificity is determined remains unknown, but is a topic ripe for further investigation by structural analysis.
Materials and Methods
Genetic analyses
Grains of the primary mutant glossy leaf 1.a (glf1.a) and its progenitor wild-type cultivar (cv) Himalaya (CIho 1312) were obtained from the US Department of Agriculture, Agricultural Research Service (USDA-ARS). The mutant glf1.a in cv. Himalaya is an allele of the Cer-zh locus (Tsuchiya and Haus 1973, Lundqvist et al. 1968 ). Grains of cer-zh.54 and cer-zh.865 in Bonus (PI 189763) and of cerzh.266, cer-zh.308, cer-zh.325, cer-zh.357, cer-zh.366, cer-zh.373, cer-zh.432 and cer-zh.433 in Foma (CIho 11333) were obtained from the NordGen, Alnarp, Sweden (www.nordgen.org). Grains of Bonus and Foma were either generated in house or obtained from NordGen. The origin and phenotypes of all cer-zh alleles are listed in Supplementary Table S1 .
Two F 2 mapping populations (of 1,030 and 96 progeny) were derived from crosses between glf1.a and two wild barley H. vulgare subsp. spontaneum accessions, 23-19 from the Institute of Evolution, University of Haifa, Israel, and OUH602 from Okayama University, Institute of Plant Science and Resources, Kurashiki, Japan. F 2 caryopses were incubated in 70% ethanol plus 1% H 2 O 2 for 5 min and placed on pre-wetted filter paper at 4 C in the dark for 3-5 d before transplantation to the field and growth to maturity. Initial mapping was done using a small number of F 2 + F 3 individuals from both populations, followed by fine mapping with additional F 2 + F 3 individuals derived from the 23-19 cross.
Water loss and wettability tests
The rate of water loss was determined for the second expanded leaf of cer-zh.54 and Bonus seedlings at the three-leaf stage grown in a non-environmentally controlled greenhouse. Segments ($2 cm long) of the upper part of the leaf blades were cut, weighed and placed abaxial side up on tissue paper on a laboratory bench. The weight of the detached leaves was measured again after 6 h. Water loss of the detached leaves is expressed as a percentage of initial weight h -1 . A leaf wettability test was conducted on the primary leaves of cer-zh.54 and Bonus seedlings grown in the greenhouse. Water was sprayed onto the leaves until they were densely covered by droplets. After a few minutes, the leaves were evaluated for presence vs. absence of droplets.
Development of early infection structures of powdery mildew
The barley powdery mildew fungus (Blumeria graminis f. sp. hordei, Bgh, race K1) (Hinze et al. 1991 ) is an obligate biotrophic pathogen, and thus was continuously cultivated on barley plants in a growth cabinet (18 C, 65% humidity, 16 h photoperiod at 130-150 mmol m -2 s -1
). Test plants were grown in soil for 7 d. Primary leaves were detached and placed with the adaxial surface up on kinetin agar [0.8% agar-agar (w/v), 2.5 mg ml -1 kinetin]. For inoculation, Bghinfected plants were shaken above these plates to give an average spore density of up to 20 conidiospores mm -2 on the leaves. After inoculation, plants were further incubated in the cabinet under the conditions specified above.
For analysis of individual interaction sites by light microscopy (Nikon Eclipse 50i), leaves were harvested 16 h post-inoculation and placed on Whatman 3MM paper with their adaxial site up. Leaves were cleared by soaking the Whatman paper with a destaining solution (ethanol : acetic acid, 3 : 1, v/v) as described in Carver and Ingerson-Morris (1989) . In this way, unintentional removal of non-germinated conidiospores from the plant surface was avoided. Extracellular fungal structures were stained with ink-acetic acid solution (10% blue ink in 25% acetic acid, v/v). Mean values were calculated from three biological replicates.
SEM
Segments from the center of the adaxial surface of second fully expanded leaves were attached with double-sided sticky tape to stubs for SEM visualization of their wax coats. Air-dried samples were coated with a 5 nm thick mixture of gold and platinum (80/20) using a Cressington sputter coater (model 208HR). Samples were imaged using a Hitachi S4700 field emission scanning electron microscope with 12 mm working distance, 2.3 kV accelerating voltage and 5.5 mA beam current. The abaxial surface was not examined as an early study concluded that both leaf surfaces had similar wax crystal phenotypes (von Wettstein-Knowles 1971).
Wax and cutin analyses
For wax load and composition determinations, grains of barley cultivar Bonus and its mutant cer-zh.54 were planted in a growth chamber. Upon germination, they were grown under continuous light (100 mE m -2 s -1 of photosynthetically active radiation) at 20 C. When the second leaves were fully expanded, the central approximately 12 cm were dipped for 15 s in chloroform (Fisher Scientific) containing 10 mg of C 24 alkane (Applied Science), followed by a second dip of 10 s. The leaf segments were immediately scanned, and the total surface area was determined with the aid of ImageJ. The chloroform extracts were combined and concentrated under nitrogen. Following transfer to injection vials, the samples were dried and silylated for 30 min at 70 C using N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane in pyridine. After drying under nitrogen, and adding 50 ml of chloroform, 1 ml was injected into a 30 mÂ0.32 mm i.d. HP1 column at 50 C in an Agilent 5890 GC-FID using a split of 1 : 2.7. The components were separated by maintaining the injection temperature for 2 min, then increasing by 40 C min -1 to 200 C. After 2 min, the temperature was increased by 3 C min -1 to 320 C, and this temperature was maintained for 30 min. Flow rates were optimized. Analogous conditions were used with an Agilent's 5973 N instrument for GC-MS to identify alkyl resorcinols (Adamski et al. 2013 ) and determine ester isomers. Other aliquots of the waxes were analyzed by TLC using Silica gel H, aluminum-backed plates with a concentrating zone (Merck) pre-run in hexane. The plates were developed with benzene, and the aliphatics visualized by spraying with 5 mg of primuline (Sigma-Aldrich) in acetone : water (4 : 1, v:v) and epi illumination. Primary constituents resolved by GC-FID and TLC were identified by comparison with those in previously studied Bonus waxes (Giese 1975 , Giese 1976 , von Wettstein-Knowles and Netting 1976 . Additional seeds were planted in a non-environmentally controlled greenhouse in June 2014. Three biological replicates were carried out on both sets of plants. To compare different growing conditions, waxes for GC-FID and TLC compositional analysis were collected from the analogous segments of second leaves from the greenhouse plants and analyzed as described above.
For load and composition analyses of cutin, plants were grown in an environmentally controlled greenhouse in 65% humidity under minimally 150 mmol m -2 s -1 (20 kLux sodium vapor lamps and natural light) for 16 h (from 06.00 to 22:00 h) and the following temperature regime: 24 C from 07:00 to 18:00 h, 22 C from 18:00 to 22:00 h and 20 C from 22:00 to 07:00 h. The cutin analysis was performed on approximately 4-5 cm second leaf blade segments by using the protocol for delipidation and acid catalyzed hydrolysis in 5% sulfuric acid that was described by Li-Beisson et al. (2015) , except that each solvent extraction step for delipidation was duplicated. After evaporation of the solvent by a stream of N 2 , the residue-bound lipids were derivatized for 60 min at 70 C by adding 20 ml of BSTFA and 20 ml of pyridine. After adding 30 ml of chloroform, samples were divided and after split-less injection analyzed simultaneously by GC-FID and GC-MS (Agilent 6890N GC-FID and Agilent 5973N GC-MS). The components were separated on HP1 columns (30 m, 0.25 mm i.d.) using the following temperature program: 2 min at 90 C, increase by 20 C min -1 to 130 C, then by 2 C min -1 to 220 C and finally by 10 C min -1 to 310 C where the temperature was held for 10 min. They were identified by comparison with in-house standards. The amount of hydroxylated cutin monomers was normalized to the o-pentadecalactone used as internal standard, and the surface area of the leaves was determined by Image J.
Molecular marker development
Genomic DNA was extracted from seedling leaves of parental lines of mapping populations following Komatsuda et al. (1998) . A set of ESTs mapped around the glf1.a locus were aligned with the IBSC database (barleygenome.org) and sequences within intronic regions were targeted to design CAPS (cleaved amplified polymorphic sequence) and dCAPS (derived CAPS) markers (Druka et al. 2011 , Mayer et al. 2011 . The primers for each molecular marker used in this study are listed in Supplementary Table S2 . PCR amplification was performed with 40 ng of genomic DNA as template and 0.3 mM of each primer, in a total volume of 10 ml containing 1Â Takara PCR buffer, 2.0 mM MgCl 2 , 0.2 mM of each dNTP, 0.1 U of Takara ExTaq (TAKARA Corp.) and, when necessary, 0.6 ml of dimethylsulfoxide (DMSO; Wako). The reaction was conducted under an initial denaturation at 94 C for 5 min, 30-35 cycles of denaturation at 94 C for 30 s, annealing at 60-65 C for 30 s and extension at 72 C for 1 min. The amplicons were digested by suitable enzymes and separated through 1-3% (w/v) agarose gels (Wako).
Genetic mapping of the Cer-zh locus
A total of 90 and 96 F 2 progeny of 16-20 F 3 individuals obtained by selfing derived from the cross OUH602Âglf1.a (GSHO 98) and 23-19 Â glf1.a, respectively, were initially genotyped by exploiting previously and newly developed genetic markers (Supplementary Table S2 ). The leaves were phenotyped using the leaf wettability test. The adaxial leaf blade of homozygous wild-type and heterozygous F 2 plants failed to retain water drops while those of the homozygous mutant did. Segregating progeny resulted from heterozygous F 2 individuals; non-segregating progeny were from homozygous wild-type or glf1.a F 2 individuals. Genetic distance was calculated using Map Maker3 (Lander et al. 1987 ) and recombination frequencies used as centiMorgan estimates as the markers were close together. In addition to the 96 F 2 progeny, 844 more from the cross 23-19Âglf1.a were screened for the flanking markers AK367139 and AK250670 identified in this study, and for the internal markers HORVU4Hr1G062880, AK362558, AK361226 and AK252597 (see above and Supplementary Table S2 ). The mapping intervals were delineated and aligned in silico by comparing the syntenic regions of related grass species, specifically the genome databases of sweet sorghum (S. bicolor) and B. distachyon in PlantGDB (www.plantgdb.org/AtGDB), and rice (O. sativa) in RAP-DB (rapdb.dna.affrc.go.jp).
Candidate gene analysis
The CDSs of the candidate gene HORVU4Hr1G603420.2 from the wild type and cer-zh mutants were PCR-amplified using the following program: 35 cycles of 94 C for 1 min, 60 C for 1 min and 72 C for 2 min, in a total volume of 10 ml of PCR buffer described above containing 0.6 ml of DMSO. The amplicons were analyzed on 1% agarose gels and the appropriate band purified using a QIAquick PCR purification kit (Qiagen). Gene ladder fast (0.1-10 kbp) was from Wako Pure Chemical Industries Ltd. The templates were prepared for sequencing using the BigDye Õ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) following the protocol described within the kit with the aid of the gene-specific primers listed in Supplementary Table S4 , and then subjected to Sanger sequencing using an ABI 3730 DNA Analyzer (Applied Biosystems) at the National Institute of Agricultural Science (Japan). The amino acid sequence was predicted using Translate tool and Compute pI/Mw tool of ExPASy (web.expasy.org), and transmembrane helices using TMHMM Server v.2.0 (www.cbs.dtu.dk/services/TMHMM). The closely related homologs of the candidate were identified by blastp program with default setting against protein data sets deposited in the PlantGDB (www.plantgdb.org) and NCBI (www.ncbi.nlm.nih. gov), and sequence alignment was conducted using CLC Sequence Viewer 7.7 (www.qiagenbioinformatics.com/products); the highly conserved domains were predicted by Pfam analysis (pfam.xfam.org).
qPCR assay and drought treatment
The third developing leaf is an ideal experimental system for cuticle formation analysis with a spatial separation of cutin and wax deposition (Richardson et al. 2005 , Richardson et al. 2007b ). According to cell age or position, leaf three can be divided into three portions: the EZ where cells reach their maximum elongation rate, the NEZ where cells have not started to elongate, and the EmBL which is the leaf portion above the point of emergence from leaf two in which some residual lateral expansion continues (Richardson et al. 2007b ). The amount of wax and cutin deposition in these three zones has been determined (Richardson et al. 2005 , Richardson et al. 2007b . To investigate the involvement of CER-ZH in cuticular wax biosynthesis during leaf development, gene transcript accumulation in developing leaf three was determined by qPCR. Seedlings of Bonus were grown in 300 ml pots containing 150 ml of soil and compost (3 : 1, v:v) in a greenhouse for 2 weeks. At this time point, leaf three had emerged about 8-10 cm from the point of leaf insertion (POLI). The leaf blade was divided in half. The basal segment was then divided in half again to give the NEZ at the base or the POLI and EZ while the tip segment served as the EmBL, as described earlier (Chen et al. 2011) . Drought was applied by withholding water when the second leaf was the same length as the first leaf, until the second leaf started to wilt (about 6-7 d). RNA samples were extracted using the TRIzol reagent (Life Technologies) from the EZ, NEZ and EmBL tissue.
Each gene fragment was cloned into pBluescript II KS (+) vector (Stratagene). Plasmid DNA harboring each gene fragment was used to generate standard curves for absolute quantification. Ct values for each sample were converted into copy numbers using standard curves ( Supplementary Fig. S5 ). The relationship between Ct values and RNA concentration was calculated by linear regression to find the slope and intercept that predict cDNA amounts and the correlation coefficient (R 2 ). qPCR efficiencies (E) were calculated based on the standard curve according to the equation [E = 10 (-1/slope) -1]Â100 and are expressed as a percentage. qPCR parameters providing the standard curve for each primer pair on Cer-zh and Actin genes are listed in Supplementary  Table S7 . The primers for the reference gene Actin were reported by Sakuma et al. (2013) . The Actin gene was used as the internal control for calculating the relative expression levels of the Cer-zh [(Cer-zh mRNA copy number mg -1 total RNA)/(Actin mRNA copy number mg -1 total RNA)]. A CFX96 Real-Time PCR Detection System (Bio-Rad) was used, and at least three biological replicates were carried out.
Phylogenetic analysis
Representative Clade A and Clade B KCS enzymes were selected from a phylogenetic tree of the KCS gene family (Guo et al. 2016) , and the sequences and barley homologs were retrieved from each genome by ID search or by a Blastp search (threshold 1e-20) of plant genome databases, including PlantGDB with Arabidopsis predicted peptides (TAIR10), Selaginella moellendorffii peptides (Smoellendorffii_91_peptide.fa), P. patens peptides (JGI) and Vcpep (for V. carteri) peptides, Genes in MSU RGAP Release 7-Protein Sequences in the Rice Genome Annotation Project (rice.plantbiology.msu.edu/index.shtml), Tomato Genome protein sequences (ITAG release 3.10) in the Sol Genomics Network (solgenomics.net) and Barley HC Proteins, May 2016 in the IPK Barley BLAST server (webblast.ipk-gatersleben.de/barley_ibsc). All sequences were subjected to a Hidden Markov Model (HMM) search (http://www.ebi.ac.uk/ Tools/hmmer/search/) before the Pfam analysis (pfam.xfam.org,) and obtained hits were merged together to exclude sequences that do not contain the highly conserved domains. Those with high homology to CER-ZH were retained and multiple alignments were performed using MAFFT (www.ebi.ac.uk/Tools/msa/ mafft/) with default settings, and then manually adjusted in MEGA 7.0.21 (Kumar et al. 2016 ) to improve quality. Phylogenetic analysis was conducted using the PhyML program implemented in Seaview (Gouy et al. 2010) .
Yeast assay of CER-ZH activity
Cer-zh was cloned into the p426 yeast expression vector with uracil selection, downstream of the strong, constitutive GPD (glyceraldehyde-3-phosphate-dehydrogenase) promoter (Mumberg et al. 1995) . The HvCer-zh gene was amplified from genomic DNA of Bonus with primers P426CerZhF and P426CerZhR (Supplementary Table S4 ). A 50 ml aliquot of the PCR reaction mixture consisted of 15 ml of double-distilled H 2 O, 10 ml of 5Â buffer, 4 ml of 2.5 mM of each deoxyribonucleotide triphosphate (dNTP), 10 ml of 10 ng ml -1 DNA , 5 ml of 3 mM of each primer and 1 ml of 1.25 U ml -1 PrimeSTAR HS DNA polymerase (TAKARA). The PCR conditions were 98 C for 10 s, followed by 30 cycles of 98 C for 10 s, 60 C for 15 s and 68 C for 5 min, with an extension at 68 C for 10 min. The restriction enzyme EcoRI was used to linearize the yeast expression plasmid p426 and to prepare the amplified HvCer-zh gene for ligation. The in-fusion recombination process was performed with 10 ml of a mixture containing 2 ml of 5Â In-fusion HD enzyme pre-mix (Clontech), 1 ml of linearized plasmid p426 (95.8 ng ml -1 ), 1 ml of purified Cer-zh PCR product (109 ng ml -1 ) and 6 ml of double-distilled H 2 O, incubated at 50 C for 15 min. The p426-HvCer-zh construct was transformed to chemically competent Escherichia coli DH5a cells. The recombinant plasmid was isolated using the Qiagen Plasmid Mini-prep kit (Qiagen) after rapid PCR colony screening. Verification of HvCer-zh insertion was conducted by DNA sequencing using internal primers (Supplementary Table S4 ).
The p426-HvCer-zh construct and the p426-AtCER6 construct, subcloned from the pESC-AtCER6 construct described by Haslam et al. (2012) , were transformed into yeast strain W3031a using the protocol of Gietz and Wood (2002) . Transgenic p426-HvCer-zh and p426-AtCER6 yeast cells were selected on synthetic complete (SC) medium (Sherman 2002 ) with 2% glucose lacking uracil. Four individual colonies of both constructs plus four W3031a colonies were streaked out and grown on solid SC medium. Cultures were scraped from the plates and transmethylated using 1 N methanolic HCl for 2 h at 80 C, and the resulting fatty acid methyl esters were extracted with hexane for analysis by GC-FID following a similar method to that described by Kunst et al. (1992) . Peaks were identified based on comparison of retention times with known standards.
